Introduction
Among the broad range of privileged structures, triazole represents one of the most prominent classes of N-heterocyclic scaffolds for novel synthetic drug discovery due to its broad range of pharmacological and biological activities (Jagdish et al., 2013; Kantheti et al., 2015; Nocentini et al., 2016; Aneja et al., 2018) . Thought the triazole moiety has not been found in natural products, the development of efficient and straightforward methods for the preparation of triazole derivatives has greatly increased over the last two decades. This is one of the reasons why the five-membered triazole ring has been employed as a building block for the construction of more complex heterocyclic systems with innumerable applications in the pharmaceutical industry (Yu et al., 2014; Hä ring et al., 2018) , medicinal chemistry (Trinh et al., 2017; Giroud et al., 2018) and agrochemicals (Singh & Dureja, 2000) . In that sense, knowledge of the tautomeric preferences and the factors affecting its tautomeric equilibrium is important for understanding the reactivity of 1,2,4-triazole derivatives in chemical and enzymatic processes. In particular, the amino-1,2,4-triazole ring can exist in three tautomeric forms, namely, 3-amino-1H-1,2,4-triazole, (I), 3-amino-4H-1,2,4-triazole, (II), and 5-amino-1H-1,2,4-triazole, (III), as depicted in Scheme 1. ISSN 2053 ISSN -2296 # 2019 International Union of Crystallography Theoretical and experimental studies of the tautomerism in amino-1,2,4-triazoles have demonstrated that only 1H-forms (I) and (III) exist rather than 4H-form (II) either in the solid state or in solution, as shown in Scheme 1 (Palmer & Christen, 2004; Ozimiń ski et al., 2004; Karpiń ska & Dobrowolski, 2008; Dolzhenko et al., 2009) . In this context, Dolzhenko's group reported the catalyst-free synthesis and a tautomerism study of 3(5)-amino-5(3)-(het)aryl-1,2,4-triazoles in aqueous medium using NMR spectroscopy and X-ray crystallography (Dolzhenko et al., 2009) , showing that 5-amino-1H-1,2,4-triazoles, i.e. (III), were electronically preferred in the tautomeric equilibrium. However, theoretical studies on the tautomerism of amino-1,2,4-triazoles containing a methylsulfanyl group instead of the (het)aryl substituent has remained largely unexplored. On the other hand, 3-amino-5-methylsulfanyl-1H-1,2,4-triazole is also used for the synthesis of 1,2,4-triazole-fused heterocycles containing a methylsulfanyl group, including [1, 2, 4] triazolo [1,5-a] pyrimidines (Fischer, 2008) , [1, 2, 4] triazolo-[1,5-a]pyrimidinones (Martins et al., 2016) , [1, 2, 4] triazolo[1,5-a]- [1, 3, 5] triazines (Dolzhenko et al., 2006) and [1, 2, 4] triazolo[5,1-c]- [1, 2, 4] triazines (Hassan et al., 2018) . In addition, the synthesis of 1,2,4-triazole-fused heterocycles has received augmented interest in recent years due to their broad range of activities, including antimicrobial (Khalil, 2006; Aggarwal et al., 2011 ), antitumour (El-Husseiny et al., 2018 , antifungal (Chohan & Hanif, 2013) and anticonvulsant (Almasirad et al., 2004) . Furthermore, it has been found that some N-benzoyl-1,2,4triazoles possess a wide spectrum of activities, including as inhibitors of the receptor protein tyrosine kinase Axl (Singh et al., 2007) , as selective inhibitors of CDK1 and CDK2 (Connolly et al., 2006) , and anti-inflammatory activity (Abdel-Megeed et al., 2009) . Though a plethora of methods for the synthesis of this scaffold have been developed, there still remains a great need to find operationally simple, highyielding and ecofriendly methodologies for the regioselective N-acylation of 3-amino-5-methylsulfanyl-1H-1,2,4-triazole, (1), which can be used as a building block for the preparation of biologically active [1, 2, 4] triazole-fused heterocycles. In this sense, N-benzoyl-1,2,4-triazoles are amenable to further derivatization via palladium-catalyzed substitutions of the methylsulfanyl moiety (Liebeskind-Srogl cross-coupling) (Liebeskind & Srogl, 2002) . Continuing our ongoing research toward the synthesis of biologically active N-heterocycles using green-chemistry tools (Moreno-Fuquen et al., 2014 , 2015 Viana et al., 2016; Castillo et al., 2018a) , we envisioned that the regioselective N-acylation of 3-amino-5methylsulfanyl-1H-1,2,4-triazole, (1), with 2-fluorobenzoyl chloride, (2), might generate the amino-1,2,4-triazole (3) acylated on the triazolic ring, which upon microwave irradiation would provide the secondary amide (4) acylated on the exocyclic amine group via a Fries rearrangement under catalyst-and solvent-free conditions (Scheme 2). In the present work, the structures of the synthesized amides, the tautomerism and the mechanistic pathway were investigated using both theoretical studies and X-ray crystallography.
Experimental

General information
All reagents were purchased from commercial sources and used without further purification unless otherwise noted. All starting materials were weighed and handled in air at room temperature. The reactions were monitored by thin-layer chromatography (TLC) visualized by UV lamp (254 nm or 365 nm). Flash chromatography was performed on silica gel (230-400 mesh). All reactions under microwave irradiation were performed in oven-dried 10.0 ml sealable Pyrex tubes equipped with a Teflon-coated stirring bar (obtained from CEM). Microwave-assisted reactions were performed in a CEM Discover SP focused microwave ( = 2.45 GHz) reactor Theoretical study of the prototropy process in amino-1,2,4-triazole (1). The energy profile was computed at the B3LYP/6-311++G(d,p) level. Energy values are in kcal mol À1 . equipped with a built-in pressure measurement sensor and a vertically focused IR temperature sensor. Controlled temperature, power and time settings were used for all reactions. NMR spectra were recorded at 400 ( 1 H), 376 ( 19 F) and 101 MHz ( 13 C) at 298 K using tetramethylsilane (0 ppm) as the internal reference. NMR spectroscopic data were recorded in CDCl 3 or DMSO-d 6 using as internal standards the residual nondeuterated signal for 1 H NMR and the deuterated solvent signal for 13 C NMR spectroscopy. DEPT spectra were used for the assignment of carbon signals. Chemical shifts () are given in ppm and coupling constants (J) are given in Hz. The following abbreviations are used for multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets and m = multiplet. Melting points were determined using a capillary melting-point apparatus and are uncorrected. IR spectra were recorded on an FT-IR spectrophotometer using KBr disks. Spectra are reported in wavenumbers (cm À1 ) and only selected resonances are reported. High-resolution mass spectra (HRMS) were recorded using a Q-TOF spectrometer via electrospray ionization (ESI). UV-Vis measurements were performed in acetonitrile as solvent at room temperature (293 K).
Synthesis and crystallization
2.2.1. Synthesis of (5-amino-3-methylsulfanyl-1H-1,2,4triazol-1-yl)(2-fluorophenyl)methanone, (3) (Scheme 2).
2-Fluorobenzoyl chloride, (2) (478 ml, 4.0 mmol), was added dropwise to a solution of 3-amino-5-methylsulfanyl-1H-1,2,4triazole, (1) (521 mg, 4.0 mmol), and triethylamine (668 ml, 4.8 mmol) in dichloromethane (5.0 ml). The mixture was stirred at room temperature for 1 h until the starting materials were no longer detected by TLC. After the solvent was removed under reduced pressure, water (5.0 ml) was added and the aqueous solution was extracted with ethyl acetate (2 Â 5.0 ml). The combined organic layers were dried with anhydrous magnesium sulfate and the solvent was removed under reduced pressure to afford compound (3) It is important to mention that the synthesis of secondary amide (4) from starting materials (1) and (2) was not possible with either conventional or dielectric heating. Though (3) was found to be unreactive at room temperature, the microwave-assisted reaction performed at 453 K for 20 min allowed the synthesis of secondary amide (4) in 84% isolated yield. Notably, by-products were not detected from the 1 H NMR spectrum of the crude reaction mixture.
Computational details
The geometry optimization of the tautomeric structures T1, T2, T3 and T4 were performed using a density functional theory (DFT) Becke three-parameter hybrid function with the nonlocal correlation of the Lee-Yang-Parr (B3LYP) method in the gas phase (Hohenberg & Kohn, 1964; Becke, 1993; Lee et al., 1988) . The corresponding harmonic vibrational frequencies were computed at the same level of theory to characterize them as minima (no imaginary frequencies) using the GAUSSIAN09 program package (Frisch et al., 2009 ). All the above calculations, including zero-point energy (ZPE) corrections, were performed at the 6-311++G(d,p) level of theory. Theoretical calculations to study the mechanistic pathway for the formation of (4) from (3) were performed in the gas phase at the B3LYP/6-31G level of theory.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . H atoms were placed in calculated positions for both compounds (C-H = 0.93-0.96 Å ) and included as riding contributions, with isotropic displacement parameters set at 1.2-1.5 times the U eq value of the parent atom. H atoms belonging to N-H groups were located in difference density maps and were refined freely. Single crystals of both compounds suitable for diffraction analysis were grown via slow evaporation from methanol at room temperature. The crystal structures were solved using an iterative algorithm (Palatinus & Chapuis, 2007) and subsequently completed by a difference Fourier map and refined using the program SHELXL2014 (Sheldrick, 2015) .
Results and discussion
3.1. Synthesis of (5-amino-3-methylsulfanyl-1H-1,2,4-triazol-1-yl)(2-fluorophenyl)methanone, (3)
At the origin of this work, it was hypothesized that 3-amino-5-methylsulfanyl-1H-1,2,4-triazole, (1), would be a suitable candidate for the regioselective N-acylation reaction with 2-fluorobenzoyl chloride, (2), to furnish amino-1,2,4-triazole (3) acylated on the triazolic ring (Scheme 2). In order to test that idea, a mixture of compounds (1) and (2) was completely dissolved in dichloromethane at ambient temperature, triethylamine (1.2 equivalents) was added and the solution was stirred for 1 h until completion (TLC control). Gratifyingly, tertiary amide (3) was obtained in 94% isolated yield as a single regioisomer. After analysis by X-ray diffraction and spectroscopic techniques (i.e. FT-IR, 1D NMR and HRMS spectroscopy), the formation of tertiary amide (3) was confirmed. Although compound (3) is a known molecule (Somorai et al., 1986) , no details about its spectroscopic and crystallographic analysis could be found. For that reason, a complete analytical and spectroscopic characterization was performed in this work (see Experimental). The main spectroscopic features of the structure of tertiary amide (3) corresponded to the presence of NH 2 and C O absorption bands at 3429/3282 and 1689 cm À1 , respectively, in the IR spectrum. The most relevant features of the 1 H NMR spectrum of (3) corresponded to four different aromatic protons in the range of 7.17-7.69 ppm, as well as a broad singlet at 6.99 ppm associated with the NH 2 protons and the absence of research papers the triazolic proton signal, confirming that the N-acylation reaction occurred on the triazolic ring instead of the exocyclic amino group. The presence of the SCH 3 signal at 13.6 ppm, four aromatic C atoms ( CH), four quaternary C atoms and the carbonyl group (C O) at 165.2 ppm in the 13 C NMR spectrum agrees with the proposed structure for tertiary amide (3).
In order to rationalize the regioselectivity of the N-acylation reaction between 3-amino-5-methylsulfanyl-1H-1,2,4triazole, (1), and 2-fluorobenzoyl chloride, (2), theoretical studies of the tautomeric equilibrium of (1) were carried out by DFT calculations. Particularly, the 1,2,4-triazole is a fivemembered azole nucleus composed of three N atoms, which are involved in a prototropy process throughout the ring, allowing the possibility of acylation in these N atoms. For this reason, it is important to study the tautomeric equilibrium of (1) by DFT calculation in order to determine the relative stability of these tautomeric forms. Initially, we proposed that amino-1,2,4-triazole (1) can exist in four tautomeric forms, denoted T1, T2, T3 and T4 (Fig. 1) . The prototropy process of amino-1,2,4-triazole (1) was then examined by DFT theore-tical calculations of these tautomeric forms in the gas phase using the B3LYP functional with the extended base set 6-311++G(d,p) ( Fig. 1 ). From this study, it was proposed that tautomer T1 suffered a proton shift from N1-H to N2 to form tautomer T2 via the transition state TS 12 (activation barrier of 47.66 kcal mol À1 ; 1 kcal mol À1 = 4.184 kJ mol À1 ). The proton shift from N2-H to -NH 2 then afforded tautomer T3 via the transition state TS 23 (activation barrier of 57.20 kcal mol À1 ). Finally, a third proton shift from -NH 3 + to N3 generated tautomer T4 via the transition state TS 34 (activation barrier of 21.12 kcal mol À1 ) ( Fig. 1) . Furthermore, the order of stability of the tautomers from most to least stable in terms of relative energy (given in kcal mol À1 ) is T2 (0.00) > T1 (1.03) > T4 (7.17) > T3 (38.18), as depicted in Fig. 1 . In conclusion, the prototropy process of (1) involved only tautomeric forms T1 and T2 with a high transition state energy TS 12 , which are in agreement with previous experimental and theoretical studies (Sorescu et al., 1998; Dolzhenko et al., 2009; Shibl et al., 2011) .
On the basis of the aforementioned results and literature precedents (Fidler et al., 1980; Reiter et al., 1987; Dżygiel et al., 2002) , a plausible mechanism was proposed for the efficient and regioselective synthesis of tertiary amide (3) at ambient temperature using dichloromethane as a relatively nonpolar solvent and triethylamine as base (Scheme 3). Previously, we found by DFT calculations in the gas phase that tautomers T1 and T2 were the most stable in terms of relative energy and the tautomeric equilibrium involved a high transition state energy TS 12 , as detailed in Table 2 . It is important to mention that the high activation barrier from T1 to T2, and the regioselective formation of tertiary amide (3) in high yield would demonstrate that precursor (1) only exists in tautomeric form T1 at low temperature.
In order to rationalize the reactivity of tautomer T1 in nucleophilic acyl substitution reactions, we decided to obtain the molecular electrostatic potential (MEP) surface of tautomer T1, as shown in Fig. 2 . Thus, the N2 atom showed a negative potential (red) placed at the triazole moiety, with the positive potential (blue) located at the H atom attached to the N1 atom. This fact highlights the N2 atom as being responsible for the regioselective nucleophilic process instead of the exocyclic amine group. The molecular electrostatic potential (MEP) surface of tautomer T1. A plausible mechanism for the regioselective synthesis of (3) is shown in Scheme 3. Initially, we proposed that tautomer T1 can be drawn in zwitterionic form T1 00 containing a negative charge located on the N2 atom, which is in agreement with our theoretical studies of the molecular electrostatic potential (MEP) surface for tautomer T1 (Fig. 2) . Consequently, zwitterionic form T1 00 could explain the high nucleophilicity of the N2 atom, allowing the nucleophilic acyl substitution reaction with 2-fluorobenzoyl chloride, (2), to generate iminium salt (5) via a transient tetrahedral intermediate. Deprotonation of intermediate (5) by triethylamine then restores the aromaticity of the ring to give amide (3) in a regioselective manner.
Synthesis of
The synthesis of heterocyclic amides have received augmented interest in recent years due to their broad range of applications in drug design and medicinal chemistry. Traditional methods for the synthesis of heterocyclic amides include the use of activated carboxylic acids, such as anhydrides or acyl chlorides, as well as the use of stoichiometric amounts of coupling agents (Ojeda-Porras & Gamba-Sá nchez, 2016). Although such methodologies are generally reliable, many of them involved harsh reaction conditions, prolonged reaction times and tedious work-up, and often proceed with low to moderate yields (Krause et al., 2016) . Although some reports are devoted to the synthesis of amides (3) through the regioselective N-acylation on the 1,2,4-triazole ring, the microwave-assisted chemical transformation of (3) to (4) via a Fries rearrangement has been poorly explored (Table 3 and Scheme 4). Despite the success of the Fries rearrangement of esters to obtain o-hydroxyphenones, we are surprised that few examples of the Fries rearrangement starting from simple amides have been described. The majority of these methods involve a photochemical excitation using a low-pressure Hg lamp (Ferrini et al., 2007) and require the use of stoichiometric amounts of Brønsted or Lewis acids (Balkus et al., 1998) , prolonged reaction times, and tedious work-up. Nowadays, microwave-assisted synthesis has proved to be an extremely powerful tool because innumerable synthetic transformations and bond-forming steps can be carried out in a single-step (Kappe, 2008) . Following our interest in this field (Castillo et al., 2018b; Insuasty et al., 2013; Acosta et al., 2015; Macías et al., 2018a) , we envisioned that the microwave-assisted Fries rearrangement of tertiary amide (3) might generate secondary amide (4) through a catalyst-and solvent-free approach. Initially, the optimization was performed by varying the temperature and the solvent, and testing the effect of conventional heating versus microwave irradiation. Heating to reflux of (3) in tetrahydrofuran or toluene for 6 h provided secondary amide (4) in 15 and 31% yield, respectively (Table 3 , entries 1 and 2). These preliminary results, showed that higher Theoretical study of the Fries rearrangement of (3) by the formation of an ion pair as the key step. The energy profile was computed at the B3LYP/6-31G level in the gas phase. Energy values are in kcal mol À1 . temperatures favour the Fries rearrangement of the precursor (3). In a modified protocol, we performed the microwaveassisted reaction of (3) under catalyst-and solvent-free conditions at temperatures between 413 and 453 K for 10 min (Table 3 , entries 3-5). To our delight, the highest yield (69%) was achieved at 453 K for 10 min. It should be noted that increasing the reaction time to 20 min led to desired product (4) in 84% yield (Table 3 , entry 6). This microwave-assisted methodology for obtaining secondary amide (4) via a Fries rearrangement offers marked improvements in terms of efficacy, simplicity and eco-compatibility.
The structure of (4) was confirmed by single-crystal X-ray diffraction analysis. Although compound (4) was reported three decades ago (Somorai et al., 1986) , no spectroscopic or crystallographic analysis details could be found. For that reason, a complete analytical and spectroscopic characterization (i.e. FT-IR, 1D NMR and HRMS spectroscopy) was performed in this work (see Experimental). The presence of broad absorption bands at 3321 and 1658 cm À1 assigned to the N-H and C O groups, respectively, are the most relevant features of the IR spectrum. The presence of a low-field NH signal at 13.61 ppm and a broad singlet at 12.03 ppm associated with the NH proton of the new peptide bond formed are the most relevant features of the 1 H NMR spectrum. The presence of the SCH 3 signal at 13.7 ppm, four aromatic C atoms ( CH), four quaternary C atoms and the carbonyl (C O) group at 163.0 ppm are the most relevant features of the 13 C NMR spectrum. A plausible mechanism for the catalyst-and solvent-free microwave-assisted synthesis of secondary amide (4) through a Fries rearrangement is shown in Scheme 5. The irradiation of microwave energy to (3) under optimized conditions can be efficiently absorbed due to its high dipolar momentum (8.82 D). This energy stimulates molecular rotational motions in the order of 1 Â 10 10 rotations per sec. Extra rotational energies result in strong friction between molecules (intermolecular collisions), raising the kinetic energy of the system (thermal energy) beyond the melting temperature of the solid. The bonds of the molecule affected by rotations augment their vibrational displacements, and these bonds end up collapsing as a result of the thermal energy developed in the process. The MEP analysis of (3) and its high dipolar momentum indicate that the most affected bond in the molecule could be C7-N2, whose rupture would lead to the formation of an intimate ion pair, i.e. (6), under catalyst-and solvent-free conditions (Scheme 5). Then, nucleophilic addition of the NH 2 group of the 1,2,4-triazole anion on the acylium carbocation would generate zwitterionic intermediate (7), followed by a proton-transfer process to give secondary amide (4). The high temperature (453 K) and the absence of solvent could support our mechanistic proposal involving the formation of intimate ion pair (6) as the key step. For that reason, the postulated mechanism was examined by DFT theoretical calculations using the B3LYP functional with the extended basis set 6-31G in the gas phase, as depicted in The molecular structures of (a) compound (3) The calculated mechanistic pathway shows that irradiation of sufficient microwave energy to compound (3) can achieve the fusion of the solid (428 K) and reach its dissociation in charged particles. The excitation of different rotational modes in (3) can increase the kinetic energy, achieving the formation of an intimate ion pair TS AB , as depicted in Fig. 3 . This ionic interaction can be seen as a dynamic process in equilibrium, where their reactivity can recover previously broken bonds or form a new bond between the NH 2 group of the 1,2,4-triazole anion and the acylium carbocation to give zwitterion B via the transition state TS AB (activation barrier of 173.47 kcal mol À1 ). Finally, intermediate B can participate in a prototropic process by transferring a proton from the exocyclic amine group to the N2 atom to afford the desired product C via the transition state TS BC (activation barrier of 31.08 kcal mol À1 ). The outcome of this reaction can be compared with a microwaveassisted Fries rearrangement under catalyst-and solvent-free conditions (Moghaddam et al., 1999; Chouke & Ingle, 2012) , where a free and stable acylium carbocation generated in situ can suffer a transposition from the triazolic C-N to the exocyclic C-N bond. This transposition generated by rotational motion promotes the reaction towards the formation of the desired product (4). The thermodynamic results derived from computational calculations showed a better stability of secondary amide (4) with respect to (3), as well as an irreversible tendency of the process, observing that the maximum temperature of the process did not exceed the fusion temperature of secondary amide (4). Though intramolecular N-to-N acyl transfer and intermolecular mechanisms were analyzed as possible reaction pathways, they were discarded considering that the optimized conditions needed to obtain (4) included high temperature (453 K) and the absence of solvent and catalyst.
Crystal structure analysis and energy frameworks
The crystal structures of the two prepared N-benzoyl-1,2,4- the presence of two rings with orientations that define the molecular conformation (Fig. 4 ). In compound (3), the triazole and arene rings, bridged by an amide functionality joined through an N atom of the triazole ring, have dihedral angles between their least-squares mean planes of 53.9 (2) and 53.7 (4) , considering the disordered A and B phenyl rings, respectively. The dihedral angle observed between those rings, separated by an amide functionality in compound (4), has a value of 29.2 (3) . The change in the molecular conformation is a consequence of the atomic length between the rings, leaving less steric hindrance in (4), making this molecule nearly planar. In (3), a positional disorder of the arene ring is observed, which is due to a 180 rotation through the axis that contains the C10-C8 bond. This disorder was refined with occupancies of 0.42 and 0.58 for the A and B rings, respectively (Fig. 4a) .
The conformation adopted by (3) is stabilized by an intramolecular hydrogen bond (N7-H1Á Á ÁO9; Table 4 ) which help to maintain the conformation observed in (3). In (4), the planar conformation allows the formation of the intramolecular hydrogen-bond interactions (N4-H1Á Á ÁF1 and N2-H4Á Á ÁO1; Table 5 ). The magnitude of these hydrogenbond contacts suggests strong interactions which generate stable conformations.
The supramolecular assembly in the compounds is different and they crystallize in the space groups P1 and P2 1 /n for (3) and (4), respectively. The different crystal packing reflects the differing molecular conformations. In the crystal structure of (3), the supramolecular assembly is directed mainly by (N,C)-HÁ Á Á(N,O) hydrogen-bond interactions. Initially, strong N7-H2Á Á ÁN6 i [symmetry code: (i) Àx + 3, Ày + 1, Àz + 2] hydrogen bonds form pairs of inversion-related molecules that act as slabs of infinite chains running along the [100] direction connected by a C14A-H14AÁ Á ÁO9 ii [symmetry code: (ii) x À 1, y, z] hydrogen bond ( Fig. 5 and Table 5 ). Along the [010] direction, neighbouring chains are further connected by weakinteractions between two arene rings of consecutive molecules with a distance between their centroids (C10A/C15A) of 3.811 (3) Å . The supramolecular assembly in the [001] direction is maintained by dispersion and other van der Waals forces.
In compound (4), the crystal structure is built by a combination of strong N4-H1Á Á ÁO1 i and N2-H4Á Á ÁN3 ii [symmetry codes: (i) x À 1, y, z; (ii) x + 1, y, z] hydrogen bonds to form chains of molecules running along the [100] direction (Table 5) . Parallel inversion-related chains of molecules are further connected by weaker C10-H10Á Á ÁO1 iii [symmetry code: (iii) Àx + 2, Ày + 1, Àz + 1] interactions to build the molecular Symmetry codes: (i) Àx þ 3; Ày þ 1; Àz þ 2; (ii) x À 1; y; z. Table 5 Hydrogen-bond geometry (Å , ) for (4).
N4-H1Á Á ÁF1 0.92 (7) 2.25 (6) 2.710 (5) 111 (5) Symmetry codes: (i) x À 1; y; z; (ii) x þ 1; y; z; (iii) Àx þ 2; Ày þ 1; Àz þ 1; (iv) x À 1 2 ; Ày þ 1 2 ; z À 1 2 .
architecture along the [001] direction. Weak C1-H1AÁ Á ÁN1 iv [symmetry code: (iv) x À 1 2 , Ày + 1 2 , z À 1 2 ] interactions connect the molecules in order to complete the 3D structure along the [010] direction (Fig. 6) .
In order to investigate these contacts further, Hirshfeld (HF) surface analysis (Turner et al., 2017) mapped over d norm (analysis of the contact distances d i and d e from the HF surface to the nearest atom inside and outside, respectively) was performed. The results reveal that in (3), the N7-H2Á Á ÁN6 i and C14A-H14AÁ Á ÁO9 ii hydrogen bonds, observed as brightred spots over d norm , are the most important interactions to build the supramolecular assembly ( Figs. 7a and 7b) , with HÁ Á ÁN/NÁ Á ÁH and HÁ Á ÁO/OÁ Á ÁH contacts comprising 15.4 and 5.0%, respectively, of the total HF surface, as observed in the two-dimensional (2D) fingerplots (see supporting information). The weakstacking and C-HÁ Á Á interactions are corroborated in the HF surface by the observation of red spots of low intensity over the arene ring. In this case, CÁ Á ÁC contacts have a low contribution to the HF surface, with a value of 2.5%, as expected. The 2D fingerprint plots reveal the existence of other contributions to the crystal structure, such as HÁ Á ÁS/SÁ Á ÁH (10.9%) and HÁ Á ÁF/FÁ Á ÁH (7.8%) contacts which are the result of weak C13-H13Á Á ÁS1 interactions and the probable contact between the H atoms of the methylsulfanyl group and the F atom of the arene ring. These interactions were not observed previously due to their weakness, with lengths that surpasses the values ($2.9 Å ) expected for a contact of considerable importance. Despite the low intensity of the red spot on the HF surface, there is another contact that is observable over d norm . This is a CÁ Á ÁF interaction between the carbonyl group and the F atom of the disordered arene ring of two adjacent molecules (Fig. 7b) . The contact would be the result of the polarization of the carbonyl group, leaving the C atom with a positive partial charge which, in fact, interacts with the F atom. In the formation of the crystal structure, van der Waals forces seem to play an important role, which is observed in the HÁ Á ÁC/CÁ Á ÁH (16.9%) and nonbonded HÁ Á ÁH (27.3%) contacts.
The electrostatic potential for (3) was calculated using TONTO (Fig. 7c) , a Fortran-based object-oriented system for quantum chemistry and crystallography (Spackman et al., 2008; Jayatilaka et al., 2005;  TONTO is available at hirshfeldsurface.net), and subsequently mapped over the HF surface using the STO-3G basis set at the Hartree-Fock level of theory over the range of AE0.14 a.u. The discussed contacts CE-HF interaction energies (kJ mol À1 ; 1 kJ mol À1 = 0.239 kcal mol À1 ) for (3).
N is the number of molecules with an R molecular centroid-to-centroid distance (Å ). Electron density was calculated using HF/3-21G model energies. observed over d norm were corroborated by the hydrogen-bond donor region with positive potential (blue region) and the acceptor region with negative potential (red region). HF surface analysis mapped over d norm was also performed for compound (4). As observed in the 2D fingerprint plots (see supporting information), the bright-red spots (Fig. 8a) referring to HÁ Á ÁN/NÁ Á ÁH and HÁ Á ÁO/OÁ Á ÁH contacts comprise 15.5 and 7.0% of the total HF surface, respectively, leaving these interactions as the most important, in terms of strength, in the building of the crystal structure. C10-H10Á Á ÁO1 iii interactions, represented by less bright spots, also play an important role in the supramolecular assembly, with HÁ Á ÁO/ OÁ Á ÁH contacts comprising 7.0% of the surface. A closer observation of the HF surface allows the imagining of another sort of weak interactions involved in the formation of the crystal, presumably dispersion and other van de Waals forces, detected in the HÁ Á ÁC/CÁ Á ÁH and nonbonded HÁ Á ÁH contacts, with values of 11.0 and 30.6%, respectively. The higher value of the nonbonded contacts in (4) is consistent with the few closer contacts, which indicates an absence of strong connections around the blue region (Fig. 8a) . In this region, only long-range hydrophobic interactions are present, which suggests a considerable hydrophobicity in the formation of the crystal. This observation is consistent with the fact that compounds (3) and (4) are soluble in chloroform and dimethyl sulfoxide, respectively. The HF analysis also suggests interactions such as HÁ Á ÁS/SÁ Á ÁH (11.9%) and HÁ Á ÁF/FÁ Á ÁH (3.9%). However, these contacts are not observed clearly in the HF surface, unlike in the case of compound (3). In (4), there is a low contribution from CÁ Á ÁC contacts (5.1%) as a result of the low contribution from C-HÁ Á Á andstacking interactions. The electrostatic potential mapped over the HF surface corroborates the hydrogen-bond donor regions with positive potential (blue cloud) and the acceptor regions with negative potential (red cloud) (Fig. 8b) .
The crystallographic architectures described for (3) and (4) are based mainly on short contacts. In order to describe these interactions as a whole-of-molecule approach and not as specific atom-atom contacts, energy models of the interactions between molecules in the construction of the crystals were analyzed. These interactions were calculated using the HF/3-21G energy model implemented in CrystalExplorer (CE; Turner et al., 2017) , which uses quantum mechanical charge distributions for unperturbed molecules (Mackenzie et al., 2017) . In these calculations, the total interaction energy is modelled as the sum of the electrostatic (E ele ), polarization (E pol ), dispersion (E dis ) and exchange-repulsion (E rep ) terms (Mackenzie et al., 2017) . In Table 6 , the interaction energies for selected molecular pairs in the first coordination sphere around the asymmetric unit for compound (3) are summarized. Observing the results, it is possible to deduce that the electrostatic term contributes the greatest proportion to the total energy in all the possible interactions of the asymmetric unit with neighbouring molecules. This 3D distribution of Energy-framework diagrams for (a) electrostatic (red) and (b) dispersion (green) contributions to (c) the total interaction energies (blue) in compound (3). Table 7 CE-HF interaction energies (kJ mol À1 ; 1 kJ mol À1 = 0.239 kcal mol À1 ) for (4).
N is the number of molecules with an R molecular centroid-to-centroid distance (Å ). Electron density was calculated using HF/3-21G model energies. electrostatic energies shows that there are strong interactions in all directions between the molecules that form the crystal, which results in complementary information with respect to the atom-atom analysis. The molecules connected by strong N7-H2Á Á ÁN6 i and C14A-H14AÁ Á ÁO9 ii hydrogen bonds have total energy values of À55.9 and À34.0 kcal mol À1 , respectively. The dispersion and polarization terms contribute less to the formation of the crystal, except for the observedinteractions between two arene rings of consecutive molecules with dispersion and polarization energy values of 34.2 and À21.3 kcal mol À1 , respectively. Fig. 9 shows the energy framework diagrams for pairs of molecules for separate, electrostatic (red) and dispersion (green) contributions to the total nearest-neighbour pairwise interaction energies (blue). As observed, the cylinders help as a guide that connects molecular centroids and their respective thicknesses represent the relative magnitude of the energy. It is important to notice that the principal force that constructs the crystal corresponds to the electrostatic energy. The total interaction energy was modeled for (4) and the results are summarized in Table 7 . The strongest pairwise interaction, with a total energy value of À53.1 kJ mol À1 , corresponds to the combination of strong N4-H1Á Á ÁO1 i and N2-H4Á Á ÁN3 ii hydrogen bonds. In this case, the electrostatic term contributes mainly to this interaction. The second highest value of the total energy, À46.8 kJ mol À1 , corresponds to an intermolecular interaction represented mainly by the dispersion term (À62.6 kJ mol À1 ) involving van der Waals forces between two nearly parallel molecules, an important interaction not seen before. Fig. 10 , showing the energy framework diagrams for pairs of molecules, suggests a nearly equivalent contribution from the electrostatic and dispersion terms to the total energy, which in fact seems to be more anisotropic than that observed in compound (3). The electrostatic term is oriented along the [100] direction connecting the N atoms of the exocyclic amine groups of neighbouring molecules, differing from the 3D distribution observed in compound (3). Along the [010] and [001] directions, the electrostatic energy is rather weak. The dispersion term has a 2D character connecting molecules preferentially to form (001) sheets. The different distribution of the electrostatic and dispersion terms to the total energy in molecules with structural similarities was also observed in other 4-aryl-2-methyl-1H-imidazoles (Macías et al., 2018b) .
Figure 10
Energy-framework diagrams for (a) electrostatic (red) and (b) dispersion (green) contributions to (c) the total interaction energies (blue) in compound (4). software used to prepare material for publication: SHELXL2014 (Sheldrick, 2015) . Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 )
x y z U iso */U eq Occ. (<1) S1 (16) C13A 0.0332 (7) 0.0470 (10) 0.0367 (9) 0.0049 (7) 0.0090 (7) 0.0031 (7) C14A 0.0328 (6) 0.0465 (9) 0.0360 (9) 0.0044 (7) 0.0100 (6) 0.0037 (7) C15A 0.0325 (6) 0.0454 (9) 0.0348 (9) 0.0039 (6) 0.0104 (6) 0.0048 (7) F1A 0.0518 (12) 0.0632 (13) 0.0447 (11) 0.0182 (9) 0.0155 (9) −0.0049 (9) C10B 0.0324 (7) 0.0441 (9) 0.0340 (8) 0.0040 (7) 0.0107 (6) 0.0060 (7) (8) C13B 0.0331 (7) 0.0466 (10) 0.0362 (9) 0.0049 (7) 0.0095 (7) 0.0030 (8) C14B 0.0327 (6) 0.0462 (10) 0.0358 (9) 0.0044 (7) 0.0100 (6) 0.0035 (7) C15B 0.0326 (6) 0.0453 (9) 0.0348 (9) 0.0041 (7) 0.0104 (6) 0.0047 (7) (10) 0.0396 (9) −0.0008 (7) 0.0065 (7) 0.0021 (7) N7 0.0349 (9) 0.0893 (15) 0.0445 (10) −0.0158 (9) 0.0088 (8) 0.0000 (10) C2 0.0362 (9) 0.0458 (10) 0.0377 (10) 0.0021 (8) 0.0090 (8) 0.0047 (8) C8 0.0342 (9) 0.0409 (9) 0.0375 (9) 0.0054 (7) 0.0137 (7) 0.0050 (7) O9 0.0373 (7) 0.0676 (10) 0.0435 (8) 0.0012 (6) 0.0184 (6) 0.0064 (7) C18 0.0531 (13) 0.0743 (16) 0.0490 (12) −0.0062 (11) 0.0220 (10) 0.0059 (11) Geometric parameters (Å, º) S1-C2 1.739 (2) C12B-H12B 0.9300 S1-C18 1.796 (2) C13B-C14B 1.369 (7) O9-C8-C10B 122.9 (6) C10B-C11B-C12B 120.7 (7) N4-C8-C10B 117.4 (6) C10B-C11B-H11B 119.6 O9-C8-C10A 121.7 (4) C12B-C11B-H11B 119.6 N4-C8-C10A 118.5 (4) C13B-C12B-C11B 121.1 (10) S1-C18-H18A 109.5 C13B-C12B-H12B 119.4 S1-C18-H18B 109.5 C11B-C12B-H12B 119.4 H18A-C18-H18B 109.5 C12B-C13B-C14B 120.1 (7) S1-C18-H18C 109.5 C12B-C13B-H13B 120.0 H18A-C18-H18C 109.5 C14B-C13B-H13B 120.0 H18B-C18-H18C 109.5
Hydrogen-bond geometry (Å, º) -N-(3-methylsulfanyl-1H-1,2,4- where P = (F o 2 + 2F c 2 )/3 (Δ/σ) max = 0.001 Δρ max = 0.29 e Å −3 Δρ min = −0.37 e Å −3 Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
2-Fluoro
Refinement. Refined as a 3-component twin
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 )
x y z U iso */U eq S1 0.1477 (4) 0.27586 (4) 0.0007 (2) 0.0449 (5) F1 0.1660 (7) 0.53895 (10) 0.1032 (4) 0.0505 (9) (2) Geometric parameters (Å, º) S1-C2 1.746 (5) C4-N4 1.360 (7) S1-C1 1.803 (6) C4-C5 1.483 (7) F1-C6 1.357 (6) N4-H1 0.93 (7) O1-C4 1.222 (6) C6-C7 1.367 (7) N1-C2 1.320 (7) C6-C5 1.381 (7) N1-N2 1.370 (6) C5-C10 1.391 (7) C1-H1A 0.9600 C7-C8 1.381 (9) C1-H1B 0.9600 C7-H7 0.9300 C1-H1C 0.9600 C9-C10 1.362 (7) C2-N3 1.366 (6) C9-C8 1.372 (9) N2-C3 1.331 (7) C9-H9 0.9300 N2-H4 0.90 (10) C8-H8 0.9300 C3-N3 1.319 (7) C10-H10 0.9300 C3-N4 1.373 (6) 
